In this paper we present a new algorithm that utilizes mathematical morphology for pyramidal coding of color images. We obtain lossy color image compression by using Block Truncation Coding at the pyramid levels to attain reduced data rates. The pyramid approach is attractive due to low computational complexity, simple parallel implementation, and the ability to produce acceptable color images at moderate data rates. In many applications the progressive transmission capability of the algorithm is very useful. We will show experimental results for color images at data rates of 1.89 bits/pixel.
INTRODUCTION
The pyramid structure for image representation provides a means for processing images at multiple resolutions [1, 2] . The pyramid representation of an image consists of a sequence of images, which are derived from the original image, of decreasing spatial resolution. If the sequence of images is viewed as a multi-level data structure, with the original image at the bottom level, and the lowest-resolution image at the top level, the structure resembles a pyramid [2] . This image data structure has been commonly used for image coding [1, 3, 4] , computer vision applications [2, 5, 6] , and progressive image transmission [7] . Pyramid-based algorithms are attractive due to their inherent parallel structure and the fact that they are based on multiresolution principles [8, 9] . The basic pyramid algorithm involves multiple stages of filtering and decimation at the transmitter, followed by multiple stages of interpolation at the receiver. After the lowest resolution image is obtained from the filtering and decimation steps, the algorithm proceeds with interpolation of that image at both the transmitter and the receiver. The interpolated image is subtracted from the next resolution image at the transmitter, and the difference image is sent to the receiver where it is added to the receiver's interpolated image. This higher resolution image is then interpolated and the entire process is repeated multiple times until the original image is completely reconstructed.
For image coding applications, Burt and Adelson introduced the Laplacian image pyramid in [1] . The pyramid decomposition algorithm presented by Ho and Gersho [4] uses a modified pyramid structure in which the quantizer is included before the interpolation step at the transmitter. This type of feedback allows reprocessing of information lost through quantization. A morphological opening filter is used in the pyramid decomposition algorithm presented by Sun and Maragos [3] . The main advantages of a morphological filter are its ability to preserve geometric structure and its simplicity in implementation. Morphological pyramids were also investigated in [5, 6] for image segmentation and computer vision applications. Morphology has also proven to be a useful tool in image segmentation and compression [10, 11] .
In this paper we present a new pyramid scheme for color image coding which combines elements from the algorithms described above using morphological opening as the smoothing operator. The structure of this morphological pyramid allows quantization errors to pass from one level of the pyramid to the next, similar to the structure used by Ho and Gersho [4] . Quantization is performed using Block Truncation Coding, and linear interpolation is used for image decoding. The pyramid approach is attractive due to low computational complexity, simple parallel implementation, and the ability to produce acceptable color images at moderate data rates. In many applications the progressive transmission capability of the algorithm is very useful.
DECOMPOSITION ALGORITHM
The twenty-four bit color images used for our study contain three components: red, green, and blue (RGB), with eight bits being allocated to each color. Before decomposition, the RGB components are linearly transformed to the YIQ components used in NTSC television transmission [12] . The Y component is the luminance image, and the I and Q components are the in-phase and quadrature chrominance images. It has been shown that the human visual system is more sensitive to details in the luminance component than to details in the chrominance components [12] , hence the luminance and chrominance components will be treated differently. The luminance image is transmitted using a three-level pyramidal decomposition and quantization and coding algorithm which is described below. The chrominance images are filtered and decimated, then quantized and encoded and sent to the receiver for interpolation. At the receiver, the reconstructed YIQ components are linearly transformed back to RGB components. We have found that the perceived quality of the reconstructed (decoded) color image depends mainly on the quality of the reconstructed (decoded) luminance image. However, for higher quality images, the decimated chrominance images can be transmitted without requantization. Figure 1 shows a block diagram of our basic pyramid decomposition and coding system to be used to encode the luminance image. Figure 2 shows a block diagram of the basic chrominance transmission system. Three components of the pyramidal decomposition scheme are crucial to overall system performance: the smoothing filters used before decimation, the interpolation used at the transmitter and receiver, and the quantization and encoding of both the difference images at each pyramid stage in the luminance system and the decimated images in the chrominance system. We have performed several experiments varying these three elements to see how they affect the performance of the system.
Filtering
The purpose of filtering the image in a pyramid scheme is to smooth it sufficiently before decimation so that aliasing will not occur. The filtering operation allows creation of multiple resolution replicas of the original image, with these replicas forming the levels of the pyramid. In other approaches, this smoothing has been performed using linear low-pass filters [1, 2, 4] or nonlinear morphological filters [3, 5, 6] . In our algorithm, we choose to perform the smoothing using morphological filters.
Morphological filtering of an image involves transforming the image into another image using a function known as the structuring element. The shape and size of the structuring element determine which geometrical features are preserved in the filtered image [13, 14, 15, 16, 17] . In our pyramid algorithm, grayscale morphological opening with a constant ("flat") structuring element is used for filtering the luminance and chrominance images. We chose to use the opening operator for our pre-decimation filtering, as was done in [3] , because we found low sample entropies of the difference images obtained with this filter. An advantage of using morphological opening is that it is simple, and it also can create difference images with a smaller dynamic range than those exhibited in difference images created by linear smoothing. The reason for this range reduction is that an image that has been morphologically opened contains grayscale values that are strictly less than or equal to the original grayscale values at each pixel location [14] .
The choice of the structuring element to be used in the opening is crucial because it determines both the extent and the "type" of smoothing that takes place. Our chosen structuring element was determined empirically by experimenting with several shapes and sizes. The criteria we used for evaluating each structuring element were the sample entropy of the resulting difference image (as constructed through a nominal pyramid with linear interpolation and no requantization), and the appearance of the respective smoothed image. The objective was to obtain a sample entropy for the resulting difference image that was as low as possible in order to facilitate quantization and encoding, while preserving the integrity of the smoothed image. After experimenting with several different structuring elements, we chose a 3x3 cross-type flat structure as shown in Figure 3 . We found square structuring elements to give the smoothed image an undesirable blocky appearance. The cross structure is more circular in shape, which eliminates blocky artifacts.
Interpolation
Interpolation of both the luminance and chrominance images can be implemented by upsampling the images then using linear or nonlinear interpolative filtering to fill in the missing pixels. It is impossible to reverse the downsampling process by simply upsampling due to the nonlinear filtering and lossy quantization processes that occur before the image is received. Therefore, the goal of interpolation filtering at the receiver is to provide the smoothest, most visually pleasing reconstruction of the original image at each pyramid stage.
We have experimented with both a linear and a morphological interpolation filter.
The linear interpolation filter obtains missing pixel values by averaging those of the four nearest neighbors. The morphological interpolation filter obtains missing pixel values by a dilation operation using a 3x3 square flat structuring element. The dilation operation substitutes the maximum pixel found within the window for the pixel at which the window is centered. In comparing these two methods of interpolation, we have found that the dilation operation tends to make the interpolated images more blocky, while the linear interpolation produces smoother images.
Quantization and Encoding
Several methods can be used for quantization of the difference images in the pyramidal decomposition, as well as quantization of the decimated chrominance images.
The quantization step is crucial in determining the final reconstructed image quality and the overall data rate. We have examined both scalar and block quantization of the difference images in the luminance pyramid, and block quantization of the lower resolution chrominance components.
Luminance
To understand fully the effects of quantization in the system, one must remember that each of the levels in the pyramid are interdependent. For example, the type of quantization at one pyramid level affects the reconstructed image quality at that level as 
where (x,y) are the spatial coordinates of the pixel to be predicted, fˆ(x,y) is the predicted pixel value, and f(x,y) is a pixel in the original image. A quarter plane predictor is used because it is simple and allows the images to be progressively row-wise processed.
The difference image at the DPCM level and the succeeding difference images all have compact gray level histograms roughly centered about zero. Empirical evidence indicates that the distributions resemble a Laplacian probability density function [1, 20, 21] . It is interesting to note that the difference image range reduction due to morphological opening (as opposed to linear filtering, see Section 2.1) was lost due to operations at the DPCM level and subsequent interpolations. We are left with the standard Laplacian-type difference image distribution.
To keep the luminance system simple, we had originally intended to use scalar quantization for these difference images. Taking advantage of the compact pixel distribution, we empirically chose quantization levels by examining the histograms of the difference images and nonuniformly placing more quantization levels near zero (the peak of the distribution) and fewer at the tails. More bits were allocated to the quantizers at higher pyramid levels (which have lower resolution) because those images are smaller and require fewer bits to transmit. Another scalar quantization method we explored was an optimum minimum mean square error quantizer for signals with a Laplacian amplitude probability density function [22] .
Both of these simple approaches yielded final reconstructed images lacking overall sharpness. This problem is due to two reasons: the predictor used in (1) and the scalar quantizers. Edge information is contained in the difference images because the predictor at the highest pyramid level and the interpolation filters between succeeding levels have a lowpass filtering effect. Since scalar quantization of the difference images encodes each pixel separately and does not exploit spatial information, the edges are not sufficiently preserved, causing this lack of sharpness in the reconstructed images.
An alternative is to use Block Truncation Coding, which has been shown to exploit the human visual system [18, 23, 24] . BTC encodes an image into nonoverlapping square blocks, typically of size 4x4 or 8x8. The data rate is 2 bits/pixel when 4x4 blocks are used, and 1.25 bits/pixel when 8x8 blocks are used [24] . At the 128x128 level, using 4x4 blocks for BTC contributes 0.125 bits/pixel toward the overall data rate, while using 8x8 blocks contributes 0.078 bits/pixel. At the 256x256 level, using 4x4 blocks contributes 0.5 bits/pixel toward the overall data rate, and using 8x8 blocks contributes 0.31 bits/pixel. The BTC/DPCM combination has been shown to address the problem of edges in the difference image and also exploits spatial information [18] . For these reasons we use BTC to quantize the difference images at each level of our pyramid. We use smaller block sizes at the higher pyramid levels (lower resolution) and larger block sizes at the lowest pyramid level (highest resolution), since the lowest level requires transmission of more bits. The data rate for the luminance image is determined by adding the 128x128 and 256x256 contributions with the data rate used on the 512x512 level difference image. Satisfactory results are obtained using 8x8 blocks at each level of the pyramid, which results in a luminance data rate of 0.078 + 0.31 + 1.25 = 1.64 bits/pixel. The data rate for the complete system is found by combining this rate with the contribution from the transmission of the chrominance components, as described in Section 2.3.2.
Chrominance
The encoding system for the chrominance images is much simpler than the pyramid decomposition algorithm for the luminance. The original chrominance images, I and Q, are each filtered and decimated twice, and the resulting images are then quantized and transmitted, as shown in Figure 2 .
The decimated chrominance images are quantized using BTC, with 4x4 blocks.
The transmitted chrominance images are each of size 128x128, so the transmission of the two chrominance images contributes 0.25 bits/pixel to the overall data rate.
It is possible to improve the quality of the reconstructed color image by removing the requantization step in the encoding system for one or both of the chrominance images. If the two decimated chrominance images are sent directly without using BTC, then 8 bits/pixel at the 128x128 level costs 0.5 bits/pixel overall, so the transmission of the chrominance images contributes 1.0 bits/pixel to the overall data rate. If BTC is used only on the Q image and the I image is transmitted directly without requantization, the contribution of the chrominance images to the overall data rate is 0.625 bits/pixel. Since the Q image is the lower resolution chrominance image, using BTC on the Q image results in less degradation in the final reconstructed image than using BTC on the I image.
RESULTS
Our final pyramid decomposition algorithm for color images uses morphological opening for smoothing, BTC for the quantization of the difference images at each level of the pyramid in the luminance, and BTC for the quantization of the decimated chrominance images. We tested the compression algorithm on several images. Results from one of the images are presented in Figures 4 through 8 . Since no meaningful objective measurement of color image quality exists, judgements of our results are subjective. Due to prohibitive printing cost, only luminance and color component images will be shown. 1 Figure 4 shows the luminance image of the final reconstructions at varying data rates for one image, using BTC for encoding the difference images in the luminance system, and varying the use of BTC for encoding the chrominance components. The images encoded at 2.64 bits/pixel have chrominance components transmitted without requantization at 1.00 bit/pixel after decimation. Using BTC with 4x4 blocks on only the decimated Q image yields a data rate of 2.27 bits/pixel, while encoding both the I and Q components using BTC with 4x4 blocks yields a data rate of 1.89 bits/pixel. No noticeable difference appears between the image encoded at 2.64 bits/pixel and the image encoded at 2.27 bits/pixel. This result is due to the fact that the Q image contains low resolution chrominance details. Therefore, encoding the Q image with BTC does not visibly affect the reconstructed image. Both of these data rates yield acceptable reconstructed images. More artifacts appear in the image encoded at 1.89 bits/pixel because both chrominance images are encoded with BTC. Degradation occurs in areas on the face including the nose and upper lip.
Since the pyramid algorithm is ideally suited for progressive image transmission, a demonstration of this technique is shown in Figure 5 . Figure 5 shows the sequence of luminance images which would be seen by the user of a progressive transmission system for image browsing. This application of progressive transmission allows for interactive video retrieval in a low speed transmission environment [7] . It can be seen that enough gross information to make the image recognizable can be transmitted at a much lower data rate.
In Figures 6 through 8 , difference images are presented so that spatial errors can be more easily seen in the reconstructed images. The grayscale of each color component has been expanded so that the errors are more noticeable. Median gray indicates no error. Note that although many of the errors appear in the feathers, degradation in that area is not as noticeable in the reconstructed image because the human visual system is not as sensitive to high frequency details.
CONCLUSION
In this paper we presented a new color image compression algorithm that uses a morphological pyramid decomposition. Pyramid algorithms are ideally suited for compression in progressive image transmission, and are inherently massively parallel [8, 9] . In addition, the BTC algorithm used in our pyramid scheme can easily be implemented in parallel [25] . 
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